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ABSTRACT

Ahn, Hyung Jun. M.S.C.E., Purdue University, August 2014, Evaluation of Asphalt
Pavement Interface. Major Professor: Makarand Hastak.
This paper presents the development process of modified pull-off test for measurement of
in-situ pavement interface bonding strength. The modified test method was validated
using two case studies (i.e., delaminated vs. non-delaminated pavements on I-65 and
intelligent compacted vs. non-intelligent compacted pavements on US-52) and used for
developing a correlation model for estimating a probability of delamination failure at a
given pull-off bonding strength. In addition, methodologies for probabilistic
interpretations with pull-off test results were explored.
The results demonstrated that the modified pull-off test showed its applicability in
measurement of interface bonding condition with both weak and strong conditions.
Additionally, its results revealed the statistically significant difference between pull-off
bonding strength between delaminated and non-delaminated pavement sections. Another
result was The different compaction practices (with and without employing the IC
technology) were a minor factor influencing the interface bond condition of the US-52
test pavement sections. Using the pull-off test results, correlation between the pull-off
bonding strength and the delamination was modeled and evaluated by the statistical
analysis in this study. Based on the model, the methodologies with threshold-based and

x
severity-based delamination estimation are introduced and deemed to be effective in
assessment of pavement condition.
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CHAPTER 1. INTRODUCTION

1.1

Introduction and Needs

Interface bonding condition between asphalt courses plays a critical role in the pavement
performance. One of the most common distresses is slippage failure, which usually
occurs where heavy vehicles are often accelerating, decelerating, or turning. Other
pavement problems that have been linked to poor bonding between pavement layers
include premature fatigue, top down cracking, pothole, and surface layer delamination,
which reduces the serviceability and performance of a pavement. There are many factors
affecting the interface bonding condition, including 1) improperly cleaned interface; 2)
cold temperature during placement; 3) insufficient curing, and 4) improper selection
or/and application rate of material (i.e., tack coat) (Wheat, 2007).
Since an asphalt pavement has multi-layered structure system, the interfaces between
layers are essential to the pavement performance. An interface between a surface course
and an intermediate course is more emphasized since critical temperature and stress
conditions for asphalt top-down cracking, rutting, and shearing are present near the
pavement surface. In the new American Association of State Highway and Transportation
Officials (AASHTO) Design Guide (i.e., the MEPDG/DARWin-ME), a user can define
the interface condition (i.e., 0 for full-slip or zero-bond; 1 for full-friction or full-bond),

2
where the effect of bonding condition results in significant differences in performance
(Tarefder & Bateman, 2011). Generally, an asphalt pavement is designed assuming
thefull bond at asphalt interfaces since the interfaces are non-existent at the time of
design process.
Accordingly, knowing the pavement interface condition can be more important in making
a decision for pavement rehabilitation or preservation rather than for the pavement
thickness design. For instance, pavement having high possibility of delamination due to
poor interface bond is obviously not a good candidate for pavement preservation
treatments such as seal coat, micro-surfacing, fog seal, etc. In addition to the pavement
preservation application, interface condition evaluation can be utilized for quality control
(QC) and quality assurance (QA) of tack coat applications.
Many test methods have been developed to evaluate the interface condition in the lab and
the field (Mohammad, et al., 2012) (Al-Qadi, et al., 2008). There is, however, no standard
test method for the evaluation. In addition, available test methods has limitation including:
1) indirect measurement, 2) limited application to the field, 3) limited measurement range,
4) acquisition of undisturbed-interface sample from coring process, and 5) lack of
practicality for QC/QA.
Correlation of the interface bonding to pavement performances is essential in a
performance-based specification for a tack coat practice. A tack coat is inexpensive, but
its influence on pavement performance is significant. Additionally, pay items for the tack
coat in most agencies’ specifications are based on its quantity regardless of its
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construction quality (e.g., application uniformity). Thus, an establishment of the
correlation model is imperative in developing a quality-related specification for agencies.

1.2

Research Objectives

The thesis of the research is that developing a test method, applicable in the field for the
evaluation of pavement interface bonding strength, will aid in assessing the pavement
condition for both design and application of pavement preservation technique.
The primary objectives of this study are 1) to present the development process of
modified pull-off test for measurement of in-situ pavement interface bonding strength; 2)
to validate the proposed test method using two case studies; and 3) to explore
applications of the interface bonding strength measurement to delamination performance
evaluation.

1.3

Research Scope and Methodology
1.3.1

Research Scope

This study presents the development process of the pull-off test utilizing and modifying
the concrete direct tensile strength test method (ACI 506.4R and ASTM C 1583-04) in
order to apply the developed method in evaluation of the asphalt interface. Two case
studies were conducted to validate the proposed test method and to correlate the interface
bonding data to delamination performance for developing a model estimating probability
of delamination based on the pull-off strength measurements.
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1.3.2

Research Methodology

This study consisted of five tasks. Task 1 was to conduct a literature review to examine
specifications and research in the area of bond strength. Task 2 was to develop a test
method, pull-off test, including specimen shape, epoxy type, and procedures. In Task 3,
the field test was performed on I-65 to evaluate the bond strengths. The laboratory study
in Task 4 concentrated on evaluating the physical mechanical properties of field cores
collected in Task 3 and developing correlations between laboratory test results and field
performance tested using the developed pull-off test method. The field study, performed
as part of Task 5, focused on collecting additional data, and developing correlations
model between field test results and expected field performance of the pavement.

1.4

Expected Results

This research aimed at developing a new test method and tool for the evaluation of the
interface bonding condition for in-situ field test and a correlation model predicting the
performance of existing pavements. The expected results were:
1. A new test method, which measures the interface bonding strength at any
condition by minimizing the disturbance to the existing pavement.
2. Improvement in assessing the existing pavement condition for the selection of
appropriate pavement preservation treatment techniques.
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1.5

Thesis Organization

This report is organized into six chapters. Chapter 1 introduces the research background,
problem statement, and objectives. Chapter 2 summarizes the literature review of prior
research in assessing the pavement interface bonding strength including, laboratory, nondestructive, and field test methods (Task 1). Thus this chapter provides the summary of
limitations of currently available test methods for the application of in-situ measurement
of interface bonding strength. Chapter 3 presents the proposed modified pull-off test
methods. This chapter shows modifications of test methods and procedures (Task 2). It
should be noted that another purpose of Chapter 3 is to be used as a reference manual for
pull-off test method. Chapter 4 shows the verification of modified pull-off test using I-65
case study and through the laboratory tests (Task 3 and 4). Chapter 5 introduces the
correlation model to aid application of pull-off test methods, such as the calculating
probabilities of having delamination in exiting pavements. Conclusions and
recommendations based on the results of this study are presented in Chapter 6.
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CHAPTER 2. LITERATURE REVIEW

2.1

Introduction

Many nondestructive test methods have been used to investigate the delamination distress
of pavement, including ground-coupled penetrating radar (GPR), impulse response,
ultrasonic surface waves, falling weight deflectometer, infrared camera, and porTable
seismic pavement analyzer (Manuel Celaya, 2011; Wisconsin Highway Research
Program, 2008). However, it is known that the NDE can only indicate the possible
defected area on a pavement, but has a limitation in identifying and quantifying the
interface bonding condition.
For laboratory and in-situ test methods, 20 different types of tests introduced in NCHRP
Project 9-40: Optimization of Tack Coat for asphalt Pavement were examined
(Mohammad, et al., 2012) the laboratory tests, including (e.g., NCAT (National Center
for Asphalt Technology) Shear test, Superpave Shear Tester (SST), FDOT (Florida
Department of Transportation) Shear Tester, and ASTRA Interface Shear test from Italy)
can provide high accuracy level testing results with controlled testing condition (e.g.,
load type, loading condition, temperature, etc.). These tests are adequate for interface
mechanical behavior modeling and tack coat material evaluation.
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However, these test methods also require specimens to be either core or dual-layered
cylinder specimen; thus, those are not applicable for monitoring or evaluating the
interface bonding condition of existing pavement without additional care for interface
disturbance due to the coring process.

2.2

Laboratory Test Methods

Leutner Shear Test applies a vertical shear load to a double layered specimen with a
strain controlled mode at a constant rate of 2.0 in/min at 21.1 °C until failure. The
maximum shear load and corresponding displacement are measured to evaluate the
bonding property of interface (Mohammad, et al., 2012).

Figure 2-1 Leutner Shear Test (Mohammad, et al., 2012)
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Louisiana Transportation Research Center (LTRC) Direct Shear Test applies a horizontal
shear load to a dual layered specimen of asphalt concrete with a stress control mode at a
constant rate of 50 lb/min at a given temperature until failure (i.e., separation). The
testing temperature can be selected ranging from -20 to 80 °C using a climate chamber.
The shear strength of the tack coat interlayer of specimen is measured to evaluate the
bonding strength. The bonding strength is then used for determining the appropriateness
of the material for the tact coat application (Mohammad, et al., 2012).

Figure 2-2 LTRC Direct Shear Test (Mohammad, et al., 2012)

Texas A&M Transportation Institute (TTI) Torsional Shear Test applies a twisting
moment with constant rate of 2.9 E -04 radian/sec along with a normal load on the top of
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a double layered specimen until failure. The quality of tack coat in terms of the shear
resistance of the tack coat interlayer is evaluated by measuring plastic shear strength in
torsion (Mohammad, et al., 2012).
Florida Direct Shear Test, developed by Florida DOT, applies a vertical shear load to a
dual layered specimen with strain control mode at a constant rate of 2.0 in./min at 25 °C
until failure. Field cores can also be used for the testing. The performance of tack coat is
evaluated by measuring the interlayer bonding strength (Mohammad, et al., 2012).

Figure 2-3 Florida Direct Shear Test (Mohammad, et al., 2012)

Virginia Shear Fatigue Test applies a cyclic shear load at the geocomposite membrane
interface of a dual layered sample at 25 °C until failure. The sample is composed of hot
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mix asphalt and Portland cement concrete. The number of shear loading cycle at failure is
measured and used to determine the performance (Mohammad, et al., 2012).

Figure 2-4 Virginia Shear Fatigue Test (Donovan, et al., 2000)

Ancona shear testing research and analysis (ASTRA) Shear Test applies a horizontal load
along the interface of a dual layered sample at a constant rate until failure. A constant
normal load is also applied on top of the sample during the testing. The maximum
interface shear stress is measured (Mohammad, et al., 2012).
Layer-parallel direct shear (LPDS) applies a vertical load to a composite specimen with
strain control mode. Both laboratory-fabricated and field core samples can be used for the
testing. Nominal average shear stress and the maximum shear stiffness are measured
(Mohammad, et al., 2012).
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Figure 2-5 ASTRA test device (Canesrari, et al., 2005)

Figure 2-6 Layer-parellel direct shear test device (Raab & Partl, 2004)
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Switzerland pull-off test applies a tensile load to dual layered asphalt concrete specimen
at a constant rate. It should be noted that the specimen is required to be glued together
and the test should be conducted in accordance to German testing specification ZTV-SIB
90. The device measures tensile strength of interface (Mohammad, et al., 2012).

Figure 2-7 Pull-off test device (Raab & Partl, 2004)

Loboratorio de Caminos de Barcelona Shear Test (LCB) applies a vertical load to a dual
layered specimen at a constant rate of 0.05 in./min until failure (Mohammad, et al., 2012).
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Shear strength of the tack coat interface is measured and the diagram of the forces acting
on the specimen during the testing is shown in

Figure 2-8 LCB shear test configuration (Miro, et al., 2003)

Wedge-splitting test applies a vertical load through a wedge to a dual layered specimen at
a constant rate until complete separation of the specimen occurs. Maximum horizontal
force and fracture energy are measured to evaluate the fracture-mechanical behavior of
the specimen (Mohammad, et al., 2012).
National Center for Asphalt Technology (NCAT) shear test applies a vertical force to a
dual layered specimen with strain control mode at a constant rate until failure. The
bonding strength is evaluated by the interface shear strength obtained from the test
(Mohammad, et al., 2012).
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Figure 2-9 Principle of wedge-splitting test (Orosz & Taljsten, 2009)

Figure 2-10 Illustration of NCAT test device (West, et al., 2005)
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Traction test applies a tensile to a cylindrical specimen at a constant rate of 54 lb/sec until
failure. The bonding strength of tack coat is evaluated by the tensile strength of the tack
coat interface (Mohammad, et al., 2012).

2.3

In-situ Test Methods

In addition to the tests developed to evaluate the mechanical properties of interfaces in
the laboratory, several other tests have been developed applicable in the field.
The ATacker test, developed by Instrotek Inc., applies a pull and/or torque force on the
tack coated plates until the separation occurs. Depending on the force applied, either
shear or tensile strength of tack coat material is measured.
University of Texas at El Paso (UTEP) pull-off test applies a torque force and measures
shear strength of taco coat material. The other time of UTEP pull-off test applies a tensile
force and measures tensile strength of the material.
Impulsive hammer test applies an impulsive loading and measures the vertical dynamic
response of pavement and fractal dimension. Torque bond test applies a torque to a core
sample from pavement with a torque wrench. The torque force at failure is measured. The
last kind of in-situ test is shear stiffness test. The test method measures the shear strength
by applying a rotational force to the pavement through a test plate.
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Figure 2-11 UTEP Pull-off test device (Tashman, et al., 2006)

2.4 Conclusion
Different types of available test methods were explored for their ability to measure weak
bonding condition, including nondestructive evaluation (NDE), and laboratory and in-situ
measurements.
For in-situ tests, available test methods can be categorized by test modes, namely torque,
shear, and tension. Limitations in application of each test methods for evaluation of
interface bonding condition are illustrated in the following:
•

Torque test (e.g., Torque Bond Test) evaluates the in-situ bond effectiveness by

applying a torque force on a circular shape sample, which requires a coring process. As a
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result, it is not appropriate to test samples with weak bonding condition as the interface
bonding condition of core can be negatively affected by coring.
•

Shear test (e.g., In-situ Shear Stiffness Test from Carleton University, Canada)

measures the shear strength of asphalt pavement in the field; however, the shear force is
not applied to the interface instead applied to the surface of pavements. Thus, the test
results do not necessarily reflect the interface bonding condition of the pavements.
•

Tension test (e.g., UTEP Simple Pull-off Test) determines bonding strength as a

tensile force is directly applied to the surface of tack coated pavement or surface. For
evaluation of in-situ pavement interface bonding condition, the tension test is not
appropriate test methods due to its limited measurement capacity as it is designed to test
tack coat material performance.
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CHAPTER 3. DEVELOPMENT OF TEST METHOD

3.1

Introduction

The in-situ test methods examined were not practically and directly applicable in
measurement of weak interface bonding due to either the coring requirement or the
indirect measurement of interface. Then, another type of tension test (pull-off test), which
was originally developed to measure the quality of bond of new concrete pavement to
existing concrete surface on concrete bridges and has been popularly used in concrete
overlay QC/QA, was examined. The standard and guidelines are also available from
ASTM International, American Concrete Institute (ACI), International Concrete Repair
Institute, and The Army Corps of Engineers; and the test procedure is as follows:
1.

Test specimen is prepared by a shallow core drilling into and perpendicular to the

surface of the substrate. The bottom of core should remain attached to the subsurface
with a minimal damage at the interface.
2.

Then, a steel disk is glued to the top surface of the test specimen.

3.

Finally, a tensile load is applied to the steel disk until tensile failure occurs. The

failure load and the failure mode (e.g., failure in substrate, failure at interface, failure in
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overlay, and failure at epoxy) are recorded and the nominal tensile stress at failure is
calculated (International Concrete Repair Institute, 2004).
In this study, the pull-off test was selected for evaluating the asphalt interface condition
based on its popularity and availability in agencies and contractors. Although the test
method is designed for a concrete pavement surface, the test method can be applied to an
asphalt pavement with proper modifications which are discussed in detail in the next
chapter.

3.2

Development of Pull-off Test
3.2.1

Specimen Shape

ASTM C 1583-04 (ASTM, 2004) specifies the coring equipment to be used for drilling a
2.0 in. diameter circular cut perpendicular to the surface to a depth of at least 10 mm (0.5
in.). However, the asphalt pavement interface between the surface and the intermediate
layer is typically located approximately 2 in. beneath the surface (i.e., the typical surface
layer thickness for asphalt pavement is 1.5-2.0 in. when constructed and becomes thinner
due to a densification caused by traffics during service). In addition, the interface
condition of specimen can be damaged or even becomes separated at an interface due to a
lateral movement or an impact caused by core bits as shown in Figure 3-1 (a) and (b).
Accordingly, a modification was made for 1) saw cut shape: a 2 in. by 2 in. square shape
cut perpendicular to the surface using a circular saw can minimize the damage to the
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interface bonding, as shown in Figure 3-1 (c) and (d); 2) saw cut depth: 2.25 in. is a
proper cut depth to induce a tensile failure at the interface (approximately 1.5 in. depth).

3.2.2

Epoxy

ASTM C 1583-04 specifies the epoxy adhesive material for bonding the steel disk to the
concrete surface in accordance with ASTM C 881. To apply the pull-off test to the
asphalt surface, proper epoxy should be selected. There were two main factors in
selecting a proper epoxy, which are curing time and bond strength considering the limited
time for actual testing. In planned case study, three hours on I-65 (36,220 AADTT) in
2010 were allowed for the testing including the traffic control setting, preparation, and
testing. Consequently, allowable curing time for the development of proper bond strength
had to be limited to one hour.
Ten different types of epoxies, shown in Figure 3-2 , were evaluated on the surface of
medium aged asphalt pavement with surface temperature of 90 °F. Pull-off test was
conducted after an hour upon placement of epoxies to test pull-off bonding strength
developed given time. Among the ten epoxies, a putty type epoxy was selected as it
showed superior pull-off bonding strength (e.g., stronger than 100 psi). A putty type
epoxy can be stored until use as two components. It creates a chemical reaction which
leads to the development of adhesion when two components are kneaded together.
Additional benefits of the putty type epoxy are that both an application rate and a shape
are readily controllable as an over application of liquid type epoxy easily fills the cut
spaces around specimen.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3-1 Specimen cutting methods: a) cutting with core drill; b) specimen with
damaged interface; c) cutting with circular saw; d) specimen with undamaged interface
after cutting; e) pull-off test; f) specimen obtained after pull-off test

22
Table 3-1 List of epoxies
Manufacturer

Product Name

Gorilla Glue

5 Minute Epoxy

Super Glue

Instant Set Epoxy

Super Glue

Epoxy Adhesive

J-B Weld

Epoxy Adhesive

Loctite

Pro Heavy-duty Epoxy

Loctite

Metal and Concrete Epoxy

Loctite

Hysol Epoxy

Devcon

30-minute Epoxy

Ace

Epoxy

Elmer’s

Krazy Glue

(a)

(b)

Figure 3-2 Selection process of epoxy adhesive materials: (a) epoxies; (b) epoxied pulloff disks
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3.2.3

Procedure

Prior to conducting the pull-off test, representative sample location(s) should be
identified and a work zone traffic control has to be set. Details about the preparation and
the pull-off test are below.
1.

Cutting: Using the circular saw, each specimen is cut perpendicular to the surface

and to the approximate size of 2 in. by 2 in. square with 2.25 in. depth (Figure 3-3 (a)).
2.

Cleaning: Surface area and the cut space are cleaned using a broom and a vacuum

to remove any debris and dust from the cutting. Cleaning must be conducted minimizing
the force exerted on the specimen and the surface should remain dry (Figure 3-3 (b)).
3.

Epoxy Application: Approximately 0.8 ounces of epoxy adhesive is prepared

according to the manufacturer’s instructions and placed on the surface of the specimen.
4.

Disk Installation: The steel disk is then attached to the top of the epoxy adhesive

then gently pushed down to ensure proper adhesion between specimen and the steel disk.
While pushing down the steel disk, adhesive should not run down the side of the test
specimen (Figure 3-3 (c)).
5.

Curing: Each specimen is cured at air temperature for one hour before testing

(Figure 3-3 (d)). The minimum air temperature of 20 °C for curing is recommended.
6.

Pull-off test: Once the testing device is properly attached to the steel disk then the

tensile load is applied at a constant rate of 0.5 mm (0.002 in.) per second. Failure mode
(e.g. (a) failure in substrate; (b) bond failure at interface; (c) failure in surface layer; (d)
bond failure at epoxy) were recorded along with the tensile load in lb-f at the moment of
failure (Figure 3-3 (e)).
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7.

Sample collection: Each specimen is taken for further testing in the laboratory if

required (Figure 3-3 (f)).

3.2.4

Calculation

The interface bonding strength is calculated by dividing the force by top surface area.
The force is obtained from the pull-off test and top surface area can be calculated from
length and width of specimen surface. Accordingly, the unit for the interface bonding
strength is psi.
T

F
L W

Where:
T = Interface Bonding Strength (psi)
F = Force at failure (lbf)
L and W = Length and Width of specimen surface
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 3-3 Field pull-off test a) saw cutting; b) cleaning the surface; c) steel disk
installation; d) curing epoxies; e) pull-off test; f) specimen obtained after pull-off test
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CHAPTER 4. VERIFICATION OF PULL-OFF TEST

4.1

Introduction

Delamination, one form of pavement failure, separates a surface course from substrata.
This failure often appears unexpectedly and suddenly. Furthermore, a delaminated area
with high severity can be a safety hazard. There are many possible causes of
delamination, including traffic-related causes (e.g., braking, stopping, accelerating, and
frequent turning of vehicles) (Paul, 2010) and pavement-related causes (e.g., slippage
between layers, poor interlayer bond, unsTable mix, poor construction, improper choice
or lack of tack coat, improper compaction, and moisture damage) (Kulkarni, 2004)
(Munoz, 2009). Munoz reported that cyclic stresses or impact delaminate pavement in
areas where vehicles were more likely to apply horizontal forces to pavements, for
example, at intersections, steep ramps, and small radius curves (Munoz, 2009).
Essential conditions for delamination are: 1) poor interface bond and 2) cracks
connecting the surface of the pavement and the interface. A poor interface bond will
cause cracks to worsen, and vice versa. Pavement cracking is ineviTable during service
life. Cracks can propagate and pass across even a good bonding interface. However, poor
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interface bonding can encourage a crack to connect to the interface, making the interface
weaker. Eventually, this process generates delamination. Accordingly, knowing the
interface condition and the structural capacity that is necessary to resist cracks is very
important in delamination investigation.
Pull-off test was conducted on I-65 near Brookston. I-65 test section was selected for
investigating the applicability of the pull-off test in evaluation of weak interface bonding
of asphalt pavement since I-65 exhibited severe delamination. The validity of pull-off test
result was, thus, evaluated by comparing field test results to that laboratory test.

4.2

Case Study: Verification of Pull-off Test on I-65

This test section was constructed through the Indiana’s first design-build warranty job (5year warranty) and a major Hot Mix Asphalt (HMA) rehabilitation project. The project
involved rebuilding 17 miles (27.4 km) of I-65 from 2.5 miles (4.0 km) north of State
Road 43 to the White/Jasper county line in Indiana. This job was built in two phases of
8.5 miles (13.7 km) each during the 1998-1999 construction seasons. During
construction, two-way traffic was maintained (i.e., one lane in each direction). The
delamination occurred in the northbound driving lane of the phase 1 project constructed
in 1998. It is noteworthy that the detailed construction record, one of the most important
references in the investigation, is not available.
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The pavement type of the project is asphalt on rubberized concrete base. The asphalt
pavement layers include base, intermediate, and surface mixtures. Detailed thickness
information is shown below:
-

9.5 mm (0.4 in.) Normal Maximum Aggregate Size (NMAS) mixture: 1.1 in.

thickness
-

19.0 mm (0.8 in.) NMAS mixture: 2.6 in. thickness

-

25.0 mm (1 in.) NMAS mixture: 4.6 in. thickness

-

25.0 mm (1 in.) NMAS mixture: 4.3 in. thickness

The thickness of the surface layer (0.4 in.) is possibly caused by the densification under
traffic for 12 years, since the typical thickness of a surface course ranges from 1.5 in. to
2.0 in. according to Indiana practice. The road has two lanes in each direction and the
Average Annual Daily Truck Traffic (AADTT) was 36,220 in 2010. According to
contract Information, the main type of PG binder used for the pavement was 64-28 with
39,000,000 ESALs.
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Figure 4-1 Delamination of I-65 near Brookston (Courtesy of Gerald Huber, Heritage
Research Group)
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4.3

Evaluation Method

In order to validate the pull-off tests results, mechanical tests (i.e., an ultrasonic test and
dynamic shear rheometer) and mix composition tests (i.e., asphalt binder extraction,
binder content, sieve analysis, and mix specific gravities) were performed. Finally, the
top-down and bottom-up fatigue cracking performance on I-65 pavements with different
interface conditions were investigated to confirm the effect of interface condition on
fatigue cracking performance.
4.3.1

Sampling Program

The field test locations and sampling sections were located just beyond one of the failed,
patched areas where delamination occurred (RP 190.9) and in an unaffected area (RP
195). Due to the high traffic volume of I-65, the number of sections and section lengths
were limited. Thus, each pavement condition (delaminated or non-delaminated) was
examined in one section which is approximately 200 feet (61 m) in length. Since the field
interface pull-off tests and the core sampling used both dry and wet cuts, respectively,
there was approximately 50 feet (15 m) distance between the areas for testing and
sampling. The five pull-off tests for each area, including the center of the lane and the
right wheel path of each pavement, were conducted, as shown in Figure 4-2. Five core
samples measuring 6 in. (152 mm) in diameter were sampled for lab volumetric test and
aggregate sieve analysis.
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Steel Disk

(a)

(b)
Figure 4-2 Field bond test: a) steel disk installed; b) pull-off test

32
4.3.2

Pull-off Test

The direct tensile strength test method specified in ACI 506.4R (Guide For The
Evaluation of Shotcrete (ACI 506.4R), 1994) and ASTM C 1583 (ASTM, 2004)
measures the bond strength between surface and substrate by applying tensile load to the
specimen. Although the test method is typically applicable to a concrete surface, the test
was applied to an asphalt concrete surface for the purpose of evaluating the interface
bond strength with two modifications, including epoxy selection and pavement cut shape.
Considering three hours of traffic control time, an optimum epoxy that cures within an
hour was selected. Due to an interface failure from the lateral movement of core bits, a 2
in. by 2 in. (50.8 mm by 50.8 mm) square was cut using a circular saw without water. To
induce a failure at the interface (approximately 1.1 in. [27.9 mm] deep), the saw cut depth
was set to 2.25 in. (57.2 mm). The interface bonding strength was calculated using a top
surface area of the specimen, and the force was obtained from the pull-off test.
Calculate to the nearest 1 psi (6.89 kPa) as follows:
EQUATION 1
Where:
T = Interface bonding strength (psi)
F = Force at failure (lbf)
A = Specimen surface area (in2)
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4.3.3

Ultrasonic Test

The ultrasonic method measures the pulse velocity from the time of the ultrasonic pulse
transmission through asphalt core samples tested and the distance between a transducer
and a receiver. The ultrasonic pulse velocity depends on material properties such as
density and elastic modulus. Ultrasonic equipment used in this project consisted of a
Pundit Lab, a transducer, and a receiver. The Pundit Lab provided a direct reading of the
time of transmission of an ultrasonic pulse passing from the transmitting to the receiving
transducer with an accuracy of 0.1 µs. A long cone-shaped transducer and receiver using
a 45-kHz pulse signal without an ultrasonic couplant were applied in this study. The
transducers were placed on one side of the core sample to measure its pulse velocity
across the sample with three replications per direction, as shown in Figure 4-3.
A pavement weakened structurally due to environmental effects and traffic loadings can
be a factor causing increased fatigue cracking. This type of crack can reach the weak
interface and initiate delamination. Furthermore, structurally deteriorated (e.g., cracked)
pavement can allow water to infiltrate into cracks in pavements, which can weaken the
interface bonding. Accordingly, evaluating the mechanical property of the asphalt mix
material is imperative for investigating the causes of delamination. The ultrasonic
method, one of non-destructive test methods, was utilized to measure the ultrasonic pulse
velocity of samples obtained from a surface AC layer in the test pavements.
The faster pulse velocity represents the higher mechanical modulus (or stiffness) of
samples. Two types of samples were tested, including samples from pull-off tests and 6
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in. (152.4 mm) diameter cores from the center of the lane. Two cores were obtained from
each pavement.

(a)

(b)

(c)

(d)

Figure 4-3 Ultrasonic test: (a) pull-off sample; (b) ultrasonic test of pull-off sample; (c)
core sample; (d) ultrasonic test of core sample
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4.3.4

Asphalt Extraction and Recovery Test

The pull-off samples collected in the field were heated to 212 °F (100 °C) for 30 min. in
an oven to aid in the removal of epoxy and steel disk from HMA specimens. Then,
asphalt binder extraction and recovery were conducted in accordance with AASHTO T
319, “Standard Method of Test for Quantitative Extraction and Recovery of Asphalt
Binder for Asphalt Binder from Asphalt Mixtures” (Standard Method of Test for
Quantitative Extraction and Recovery of Asphalt Binder from Asphalt Mixtures
(AASHTO T 319), 2008), which has a minimal effect on the physical and chemical
properties of the recovered binder. The recovered asphalt binders from the samples were
used for Dynamic Shear Rheometer tests. The core samples obtained from the center of
the lane were used to determine the material volumetric property.

4.3.5

Dynamic Shear Rheometer Test (DSR)

In order to evaluate the fatigue cracking resistance of the asphalt binder, a DSR was
utilized. The DSR measures the linear viscoelastic properties of the asphalt binder,
including the dynamic shear modulus (G*) and phase angle (). G* indicates the
specimen’s total resistance to deformation under shear load (stiffness). The phase angle
represents a measure of the viscosity of the asphalt. The DSR test was conducted in
accordance with AASHTO T315 (Standard Method of Test for Determining the
Rheological Properties of Asphalt Binder Using a Dynamic Shear Rheometer (DSR)
(AASHTO T 315), 2010).
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Performance Grade (PG) specifies that the loss modulus, or G*sin, at 10 rad/s
(1.59 Hz) must be less than 725.7 psi (5000 kPa) at the intermediate pavement design
temperature with Pressure Aging Vessel (PAV) aged asphalt binder in order to minimize
fatigue cracking. Since the pavement was 12 years old, the recovered binder was treated
as a PAV-aged asphalt binder, and DSR tests were conducted from 55.4 °F (13°C) to 104
°F (40 °C) with 5.4 °F (3 °C)-degree increments.
An asphalt binder should be stiff enough to resist rutting. Thus, the complex shear
modulus elastic portion, G*/sin, should be relatively large. Accordingly, PG specifies
that G*/sin at 10 rad/s (1.59 Hz) and high temperature must be a minimum of 0.15 psi
(1.0 kPa) for the original asphalt binder and 0.32 psi (2.2 kPa) after aging the asphalt
binder using the RTFO procedure at the appropriate grade temperature.

4.3.6

Structural Analysis Using Mechanistic-Empirical Pavement Design Guide
(MEPDG)

In a fully bonded and layered pavement structure system, a maximum tensile strain
occurs at the bottom of the AC base course; the difference in strain between the bottom of
the surface course and the top of the intermediate course is zero. However, when the
interface bond between the surface and the intermediate courses is weak, the pavement
system behaves as two separate systems. Thus, the weak interface bonded system
generates greater tensile strain at the bottom of the surface course than in a full-bonded
system, which leads to more cracking. Furthermore, the top of the intermediate course
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develops compressive strain with the weak interface system. These opposing strains at
the interface further develop interface slippage, since the interface is distorted by the
stresses between the two courses (Mehta, June 2007). This interface distortion and
slippage generates weaker interface bonding in the system. The combination of weak
interface bond and top-down cracking reaching the interface eventually generates
delamination.
The MEPDG (NCHRP, 2014) predicts the number of load repetitions to fatigue cracking
to be mainly a function of tensile strain and mix stiffness (|E*|). The critical locations
may either be at the surface for top-down cracking or at the bottom of the asphalt layer
for bottom-up cracking. To observe the influence of interface debonding on fatigue
cracking, the pavement structure of the tested section was modeled, and fatigue cracking,
including damages from top-down and bottom-up cracking, was evaluated using the
MEPDG. The pavement structure was modeled using information obtained from the
cored samples, construction plan, and the typical Indiana MEPDG inputs. Two cases with
full bonding and zero bonding at the interface were modeled, and their maximum damage
ratios from past 11.2 years (the pavement life from the time of construction to the
delamination failure) were calculated using the MEPDG.
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4.4

Test Results and Analysis
4.4.1

Ultra Sonic Test

The non-delaminated section had a faster mean pulse velocity than the delaminated area,
as shown in Figure 6, and the same trend was observed from drilled core samples. The
one-way ANOVA resulted in a significant difference in velocity between the delaminated
pavement and non-delaminated pavement (i.e., P-value = 0.016 for pull-off samples; Pvalue = 0.037 for core samples). This finding indicates that the delaminated section not
only had a lower interface bond, but also had low structural integrity with the surface
course mix. This finding led to a further investigation to observe the difference between
the HMA compositions and the asphalt binder properties between different pavements. In
addition, as evident in Figure 4-4, the pull-off samples had a lower mean velocity than
the cores, indicating a possibility of damages in the pull-off samples due to the stress
experienced by the sample in the pull-off tests.

4.4.2

Asphalt Mixture Volumetric Properties

Mixture properties of the two pavements were evaluated and are summarized in Table
4-1. Air void contents in the delaminated pavement were 5.66 percentage points higher
compared to that in the non-delaminated pavement, which is unacceptably high. The
binder contents (by total mass of mixture) of the delaminated pavement were 0.4
percentage points higher compared to that in the non-delaminated pavement. Table 4-1.
Mix Volumetric Properties

Pulse Velocity, mm/micro-second
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Delaminated

Non-delaminated

4

3

2
Pull-off samples Core samples Pull-off samples Core samples

Figure 4-4 Overall pulse velocities of pull-off samples and drilled-core samples

Table 4-1. Mix Volumetric Properties
Non-

Bulk specific gravity of mixture,
Gmb
Maximum specific gravity of mixture,
Gmm
Air voids,
%
Binder content percent by total mass of mixture,
Pb

Delaminated

delaminated

2.15

2.25

2.56

2.51

16.02

10.36

4.70

4.30
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Aggregate content percent by total mass of
mixture, Ps

4.4.3

95.3

95.7

Dynamic Shear Rheometer Test

4.4.3.1 High Temperature Performance
Where rutting is of greatest concern (e.g., during an HMA pavement’s early and midlife), a minimum value for the elastic component (i.e., G*/sin) of the complex shear
modulus is specified. G*/sin, as shown in Figure 4-5, illustrated that the delaminated
pavement had a higher G*/sin at a temperature range between 136.4 °F (58 °C) and
190.4 °F (88 °C). Assuming that the binders recovered from the field samples were in
rolling thin-film oven (RTFO) condition, the binder recovered from the delaminated
pavement had a higher PG for high PG temperature compared to the non-delaminated
pavement. Within the test temperature range, a higher G* and a lower  were measured
for the asphalt binder from the delaminated pavement than that for the asphalt binder
from the non-delaminated pavement. This indicated that the asphalt binder in the
delaminated areas was more aged than that in the non-delaminated areas. In addition,
based on the G* and  values, the wheel path area asphalt binder was noted to be more
aged than that in the center lane of both the delaminated and non-delaminated pavements.
This observation illustrates that aging could be traffic-related.

41

Figure 4-5 G*/sin of asphalt binder

4.4.3.2 Intermediate Temperature Performance
An asphalt binder’s fatigue cracking resistance can be compared using the G*sin of
recovered asphalt binders. As shown in Figure 4-6, at 725.7 psi (5000 kPa) (i.e., the limit
for intermediate temperature PG criteria), the non-delaminated pavement asphalt binder
had a lower PG temperature than the delaminated pavement asphalt binder. In other
words, the asphalt binder recovered from the delaminated areas had a higher PG for
intermediate PG temperature compared to the non-delaminated pavement. Within the
intermediate temperature range, the asphalt binder of the delaminated pavement showed a
higher G* and a lower  than that of the non-delaminated pavement, which indicates that
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the delaminated asphalt binder was more aged. This trend was also observed when
examining the G*/sin at high temperature. In addition, the wheel path area asphalt had
higher G*sin than the center of the lane for both the delaminated and non-delaminated
pavements at the intermediate temperature range. In summary, the results confirmed that
the asphalt’s relatively high aging could be one of the causes of the delamination failure.
The typical causes of aging include: 1) inadequate compaction leaving a higher
percentage of interconnected air voids; 2) over-heated asphalt, aggregate, or asphalt mix
at the hot mixing facility, and 3) oxidative aging in-situ. Aging affects the durability of
asphalt pavement, which allows cracks and water infiltration. According to research
conducted by the Western Research Institute (WRI) (Western Research Institute, Sep.
2007) on eight SHRP asphalt cores, water increased G* by approximately 18.1%.
Consequently, water can accelerate asphalt aging and affects cracking performance.
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Figure 4-6 G*sin of asphalt binder

4.4.4

Pull-off Test Result

Since asphalt interface behavior varies in terms of temperature, interface bonding
strength should be analyzed using the interface temperature. Tack coats with a higher
temperature can yield a lower pull-off tension than those with lower temperatures in the
pavement service temperature range. Air and pavement surface temperatures were
measured using an infrared thermometer at each pull-off loading from approximately
10:40 AM to 11:30 AM. As shown in Figure 4-7, mean air and surface temperatures of
the sections showed 3.4 °F (1.9 °C) and 4.0 °F (2.2 °C) differences, respectively (i.e., the
non-delaminated section had 3.4 °F (1.9°C) and 4.0 °F (2.2 °C) higher air and surface
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temperatures, respectively, than the delaminated section). With the employment of the
BELLS equation from AASHTO T 317 (Standard Method of Test for Prediction of
Asphalt-Bound Pavement Layer Temperatures (AASHTO T 317), 2004), “Prediction of
Asphalt-Bound Pavement Layer Temperatures,” the interface temperatures at 1.5 in.
(38.1 mm) depth for each section were calculated, and their means were 64.4 °F (18 °C)
for the delaminated pavement and 67.4 °F (19.7 °C) for the non-delaminated pavement.

Figure 4-7 Pavement surface temperatures during each test

Five pull-off tests per location (i.e., center of lane and right wheel path) were conducted
on both delaminated pavement and non-delaminated pavement. Based on visual
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observation and thickness of the pull-off failure sample, a typical failure mode of the
pull-off tests was an interface failure showing the debonding at the interface, except one
failure within the AC layer in the non-delaminated pavement which was discarded from
the result analysis.
The non-delaminated pavement had higher mean pull-off strength than the delaminated
pavement, as shown in Figure 4-8 (overall), even though the non-delaminated area had a
higher interface temperature. The pull-off strength had similar standard deviations for
both pavements, 26 psi (179.2 kPa) for the delaminated pavement and 24 psi (165.4 kPa)
for the non-delaminated pavement. Overall, the results correspond with the pavement
delamination performance; thus, the lower the pull-off strength, the greater the chance
that delamination will occur. Based on a one-way analysis of variance (ANOVA), it was
confirmed that there was a significant pull-off strength difference between the pavements
(i.e., P-value = 0.0004).
Figure 4-8 also reveals that the mean pull-off strength under the wheel path area was
higher than that under the center of the lane. This observation can be explained by traffic
compacting the pavement, which provides better aggregate interlocking, inducing a
higher pull-off resistance at the interface. The one-way ANOVA result supported this
observation with a significant strength difference between the center of the lane and the
wheel path (i.e., P-value = 0.0009) for the non-delaminated pavement; however, the
delaminated pavement did not have a significant difference (i.e., P-value = 0.53).
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Figure 4-8 Pull-off test results
4.4.5

Interface Bonding Influence On Fatigue Cracking Performance

Top-down fatigue cracking is extremely sensitive to interface bonding compared to
bottom-up cracking in MEPDG results, as shown in Figure 4-9. Thus, the maximum
damages of top-down fatigue cracking at 11.2 years from construction are 2.7% and
716% with full and zero interface bonds, respectively. However, bottom-up fatigue
cracking shows that the maximum damages at 11.2 years from construction are 0.46%
and 0.78% with full and zero interface bonds, respectively. According to the MEPDG
analysis, a 1% damage ratio for bottom-up cracking is equivalent to 1% alligator cracking
of the total lane area. A 100% damage ratio for top-down cracking corresponds to 500
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ft/m (94.7 m/km) longitudinal cracking and is approximately the highest damage limit in
the (Long Term Pavement Program) LTPP data used for the MEPDG national calibration.
Indispensable conditions for the delamination are a zero bond interface and cracks. The
pull-off test results showed that the delaminated pavement had a weaker interface bond,
which could generate more top-down fatigue cracking. A cause of weak interface
bonding could be explained by a sequence of chain reaction. Thus, the asphalt surface
course in the delaminated pavement had a durability problem (i.e., low density, high aged
asphalt binder at intermediate temperature, and low mechanical value) possibly due to an
improper quality control in production and construction. This created cracks allowing
water infiltration through them. The penetrated water weakened interface, which in turn
caused the top-down cracking. This sequence allowed more water infiltration, asphalt
binder aging, cracking problems. The weak interface due to improper tack coating also
could initiate the sequence.
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(a)

(b)
Figure 4-9 Maximum damage ratios: (a) top-down cracking performance; (b) bottom-up
cracking performance
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4.5

Conclusion

Field interface pull-off strength, phase velocity of surface course mix, G*and  of asphalt
binder, asphalt mix volumetric properties, and pavement fatigue cracking performance
were evaluated. The following summary and conclusions can be made:
•

Interface pull-off test: The non-delaminated pavement had higher mean pull-off

strength than the delaminated pavement had at its interface. ANOVA confirmed that
there was a significant pull-off strength difference between the two pavements.
•

Ultrasonic test: The surface mix of the non-delaminated pavement had a higher

stiffness observed by the ultrasonic pulse velocity compared to the delaminated pavement.
•

Mix volumetric properties: Air voids of delaminated pavement were 5.66% higher

than in of non-delaminated pavement (16.02% air voids), which is abnormally high.
•

DSR: Within the test temperature range, higher G* and lower  were obtained

from the asphalt binder of the delaminated pavement compared to the non-delaminated
pavement, which indicates that the delaminated asphalt binder was more aged.
•

Effect of interface bond on fatigue cracking: The interface bond condition can

significantly influence top-down fatigue cracking.
•

Cause(s) of delamination: The delamination was a product of weak interface bond

and top-down cracking. The pull-off test results showed that the delaminated pavement
had a weaker interface bond, which can generate more top-down fatigue cracking.
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Additionally, the delaminated pavement had more aged asphalt binder and more air voids,
which could have accelerated top-down fatigue cracking.
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CHAPTER 5. CASE STUDY: APLICATION OF PULL-OFF TEST ON US-52

5.1

Introduction

Proper pavement design is essential to a successful and long lasting pavement structure.
The design process typically includes the selection and design of materials, determination
of layer thickness depending on traffic volumes and environmental conditions, pavement
configuration, and drainage design. All of these components must be considered for a
long lasting, low maintenance, and well performing pavement structure (Romanoschi,
1999)
Since an asphalt pavement has multi-layered structure system, the interfaces between
layers are essential to the pavement performance. An interface between a surface course
and an intermediate course is more emphasized since critical temperature and stress
conditions for asphalt top-down cracking, rutting, and shearing are present near the
pavement surface. In the new American Association of State Highway and Transportation
Officials (AASHTO) Design Guide (i.e., the MEPDG/DARWin-ME), a user can define
the interface condition (i.e., 0 for full-slip or zero-bond; 1 for full-friction or full-bond),
where the effect of bonding condition results in significant differences in performance.
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Generally, an asphalt pavement is designed assuming the full bond at asphalt interfaces
since the interfaces are non-existent at the time of design process. Accordingly, knowing
the pavement interface condition can be more important in making a decision for
pavement rehabilitation or preservation rather than for the pavement thickness design.
For instance, pavement having high possibility of delamination due to poor interface
bond is obviously not a good candidate for pavement preservation treatments such as seal
coat, micro-surfacing, fog seal, etc. In addition to the pavement preservation application,
interface condition evaluation can be utilized for quality control (QC) and quality
assurance (QA) of tack coat applications.

5.2

US-52

Asphalt pavement intelligent compaction (IC) field demonstration was conducted in
September 2009 on US 52 between the junction with US 231 and Cumberland Ave,
Lafayette, Indiana, under the Transportation Pooled Fund study “Accelerated
Implementation of Intelligent Compaction Technology for Subbase, Base, and Asphalt
Pavement Materials.” IC compacts road materials (e.g., soils, aggregate bases, asphalt
pavement materials) using vibratory rollers equipped with an in-situ measurement system
and feedback control based on Global Positioning System (GPS).
The length of the project road was about 5 mile long with two lanes on each direction.
The existing pavement structure is 6 in. of asphalt on top of 7 in. of concrete pavements.
The existing pavements were firstly milled for about 2 in. then overlaid with a 2.5 in. of
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asphalt pavement intermediate layer (19 mm NMAS) and 1.5 in. asphalt surface layer
(9.5 mm NMAS). This pavement had two interfaces that could be tested with the pull-test,
including interfaces between the milled surface and the intermediate layer and between
the intermediate and surface layers. However, only the interface between the intermediate
and surface layer was tested in order to make a fair comparison with the I-65 pull-off test
result.
The pull-off tests were conducted in June 14, 2011 on both IC and non-IC pavement
sections. There was no sign of delamination in the both test pavement sections. The
length of each test section was 1000 ft. The test was conducted on center of lane and right
wheel path with 200 ft interval. The 12 pull-off tests were conducted on each test section;
IC pavement and non-IC pavement.

5.3

Pull-off Test Results

By conducting the visual inspection, two samples with failures occurring at the epoxy in
the IC pavement were discarded from the analysis. The pull-off bonding strengths from
both test sites were calculated, as shown in Figure 5-1. Mean (standard deviation) of pulloff bonding strength was calculated to be 91 psi (33 psi) and 108 psi (22 psi) for IC and
non-IC pavement section, respectively.
T-test was conducted to determine the effect of IC method on pull-off bonding strength.
The p-value of 0.145 suggests that the mean pull-off bonding strength difference between
pavements compacted in different method is not statistically significant. In other words,
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the different compaction practices with and without employing the IC technology in the
US-52 test sections were a minor factor influencing the interface bond condition. Then ttest was conducted on difference between IC and non-IC section pull-off bonding
strength of US-52 and I-65 non-delaminated sections. P-value of 0.47 shows that their
differences are not statistically significant, which reveals that the average pull-off
bonding strength of non-delaminated sections are statistically indifferent to that of newly
constructed pavement sections. Consequently, the assumption of a good bonding strength
from non-delaminated pavement proved to be valid.
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Figure 5-1 Pull-off bonding strength distributions of IC and non-IC pavement section
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5.4

Development of Correlation Model

The modified pull-off test showed its applicability in measurement of interface bonding
condition with both weak and strong condition and its results revealed the statistically
significant difference between pull-off bonding strength between delaminated and nondelaminated pavement sections. As a result, how the pull-off bonding strength was
correlated to the presence of delamination was evaluated with a binary logit model as
only two possible outcomes were available as delaminated or non-delaminated. It should
be noted that limited number of data in this case study (28 data) required the violation of
normality to be tested in prior of analysis. Shapiro-Wilk test provided the ratio of 0.931
(being close to one indicates normality). A standard binary logit regression model is
estimated using maximum likelihood methods and presented in EQUATION 1.
{

}
{

}

EQUATION 1

where:
xi is a vector of covariates (i.e., pull off bonding strength),
β0 is a regression constant, and
β1 is a regression coefficient.

The equation estimates the probability of outcome (presence of delamination) at a given
pull-off bonding strength expressed in a scale of 0 to 1. As pull-off bonding strength
becomes larger in a positive manner, the probability is expected to approach 0, which
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represents a decrease in the probability of having a delamination. The results are

Probability of Delamination

summarized in Figure 5-2 and Table 5-1.
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Figure 5-2 Binary logit model: the probability of having a delamination

Table 5-1 Binary logit model analysis result
Variable

Explanation

Constant
Bonding [psi]

Interface bonding strength
measured by pull-off test

Est. Parameter

p-value

3.763

0.017

-0.057

0.005

Significance of a variable can also be determined by testing the null hypothesis (t-test).
When a p-value of 0.05 was applied as the criteria for significance, it can be concluded
that the bonding strength was a significant factor in predicting the presence of
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delamination. The sign of the parameter also agrees to the expected trend, which
indicates that increase in bonding strength decreases the likelihood of a delamination
being presented, as shown in Figure 5-2. The model can be used for estimating a
probability of delamination failure at a given pull-off bonding strength, furthermore, for
assessment of overall pavement condition. Two methodologies for probabilistic
interpretations with pull-off test results are introduced in the next chapter.

5.4.1

Threshold-Based Delamination Estimation

The correlation model method provides the possibility of having a delamination at a
given pull-off strength measurement; thus, it can be useful in the application of QC/QA
and in a decision making tool for the pavement treatment selection. In case the overall
assessment of pavement condition is required, threshold-based method can be useful. It
assumes that if a certain value is representative enough (e.g., average), its corresponding
value from the model can also be representative. In the following example analysis,
threshold value of 0.90 (i.e., typical value in statistical analysis) was selected.
First, the cumulative percentage distribution of pull-off bonding strength from non-IC
pavement section and the correlation model are plotted, as shown in Figure 5-3. The plot
then provides the bond strength of 80 psi, which is corresponding to the selected
threshold value of 0.90 (step 1). The bond strength of 80 psi represents the minimum
pull-off strength among 90 % of data. Secondly, the corresponding bond strength value
(80 psi) is then applied to the correlation model (step 2). Finally, the probability of
having a delamination at a given pull-off strength can be obtained, which is 37 % (step 3).
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The analysis suggest only 10 % of test pavement section has the probability of having a
delamination equals to or higher than 37 %; thus, it can be concluded that majority of the
non-IC pavement section (90%) has the probability of having delamination equal to or
less than 37%. The result indicates overall good pavement condition and supports the fact
that US-52 test section was newly constructed pavement.
In addition, the application of the same methodology and the threshold value to pull-off
bonding strength from IC pavement section of US-52 suggests that the IC pavement
section has the probability of having delamination equal or less than 71 %. While the IC
pavement section can be considered as inferior to that of non-IC section based on the
analysis, statistical analysis shows their bonding strengths are not statistically different
(i.e., P = 0.145). It should be noted that the analysis results can be negatively affected in
case of having a small sample size with either a large standard deviation or a few outliers
with extreme value.
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Figure 5-3 Analysis process of threshold-based delamination estimation

5.4.2

Severity-Based Delamination Estimation

Severity-based approach allows overall assessment of pavement condition by comparing
the pull-off test data to the model. This method is more beneficial in case more detailed
assessment regarding the pavement condition is required. The following example analysis
employed three (3) severity levels (i.e., low, moderate and severe) and cut-off values
were determined based on the test results from the I-65. The minimum pull-off strength
from non-delaminated pavement section (37 psi) and the maximum pull-off strength from
delaminated pavement section (84 psi) were selected as cut-off values, so low and severe
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levels only represents data from delaminated and non-delaminated pavement sections,
respectively, as shown in Figure 5-4 (a).
Once the cumulative percentage distribution of pull-off bonding strength from non-IC
pavement section along with the correlation model are plotted, as shown in Figure 5-4 (b);
then, the cut-off values are applied to obtain what percentage of data falls into each
category. For example, the cut-off value between moderate and low (84 psi) corresponds
to the 65 % in case of IC pavement section (step 1). Another cut-off value between severe
and moderate (37 psi) is then applied to IC pavement section again to obtain the
percentage of pavement falls to moderate and severe levels, which was 95 % (step 2).
Finally, the percentage of pavement corresponding to each severity level can be
calculated and analysis results for both pavement sections are summarized in Table 5-2.
The analysis results reveals that 88 % of the IC pavement section from US-52 has low
severity level; while only 55 % of the non-IC pavement section falls into low severity
level. However, when the percentage of pavement section of low and moderate severity
levels are combined, both pavement sections are deemed to be in good condition, which
agrees to the fact that those are newly constructed pavements.
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Figure 5-4 Severity-based delamination estimation a) cut-off values for three severity
levels; b) analysis process of severity-based delamination estimation
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Table 5-2 Results of US-52 pavement condition from severity-based delamination
estimation
Severity Level
Pavement Section
Low [%]

Moderate [%]

Severe [%]

US-52 IC

88

12

0

US-52 Non-IC

65

30

5

5.5

Conclusion

This study was conducted to assess the applicability of the modified in-situ pull-off test
as a tool to evaluate the interface bonding condition of asphalt pavement. The
conclusions, which are drawn based on the limited experimental case studies (i.e.,
delaminated vs. non-delaminated pavements on I-65 and intelligent compacted vs. nonintelligent compacted pavements on US-52) are the following:


The modified pull-off test showed its applicability in measurement of interface
bonding condition with both weak and strong condition and its results revealed
the statistically significant difference between pull-off bonding strength between
delaminated and non-delaminated pavement sections.



The different compaction practices (with and without employing the IC
technology) were a minor factor influencing the interface bond condition of the
US-52 test pavement sections.
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Correlation between the pull-off bonding strength and delamination was modeled and
evaluated by the statistical analysis in this study. Based on the model, the methodologies
with threshold-based and severity-based delamination estimation are introduced and
deemed to be effective in assessment of pavement condition.
Further research is needed to be conducted on the areas such as interface strength
behavior over time and its correlation with temperature should be investigated to more
accurately analyze the pull-off test results.
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CHAPTER 6. SUMMARY AND CONCLUSION

6.1

Overall Summary and Conclusion

Interface bonding condition between asphalt courses plays a critical role in the pavement
performance. One of the most common distresses is slippage failure, which usually
occurs where heavy vehicles are often accelerating, decelerating, or turning. Other
pavement problems that have been linked to poor bonding between pavement layers
include premature fatigue, top down cracking, pothole, and surface layer delamination,
which reduces the serviceability and performance of a pavement. There are many factors
affecting the interface bonding condition, including 1) improperly cleaned interface; 2)
cold temperature; 3) insufficient curing, and 4) improper selection or/and application rate
of material (i.e., tack coat).
Many test methods have been developed to evaluate the interface condition in the lab and
the field. There is, however, no standard test method for the evaluation. In addition,
available test methods has limitation including: 1) indirect measurement, 2) limited
application to the field, 3) limited measurement range, 4) acquisition of undisturbedinterface sample from coring process, and 5) lack of practicality for QC/QA.
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Correlation of the interface bonding to pavement performances is essential in a
performance-based specification for a tack coat practice. A tack coat is inexpensive, but
its influence on pavement performance is significant. Additionally, pay items for the tack
coat in most agencies’ specifications are based on its quantity regardless of its
construction quality (e.g., application uniformity). Thus, an establishment of the
correlation model is imperative in developing a quality-related specification for agencies.
The primary objectives of this study are 1) to present the development process of
modified pull-off test for measurement of in-situ pavement interface bonding strength; 2)
to validate the proposed test method using two case studies; and 3) to explore
applications of the interface bonding strength measurement to delamination performance
evaluation.
This study was conducted to assess the applicability of the modified in-situ pull-off test
as a tool to evaluate the interface bonding condition of asphalt pavement. The
conclusions, which are drawn based on the limited experimental case studies (i.e.,
delaminated vs. non-delaminated pavements on I-65 and intelligent compacted vs. nonintelligent compacted pavements on US-52) are the following:
•

Interface pull-off test: The non-delaminated pavement had higher mean pull-off

strength than the delaminated pavement had at its interface. ANOVA confirmed that
there was a significant pull-off strength difference between the two pavements.
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•

Ultrasonic test: The surface mix of the non-delaminated pavement had a higher

stiffness observed by the ultrasonic pulse velocity compared to the delaminated pavement.
•

Mix volumetric properties: Air voids of delaminated pavement were 5.66% higher

than in of non-delaminated pavement (16.02% air voids), which is abnormally high.
•

DSR: Within the test temperature range, higher G* and lower were obtained from

the asphalt binder of the delaminated pavement compared to the non-delaminated
pavement, which indicates that the delaminated asphalt binder was more aged.
•

Effect of interface bond on fatigue cracking: The interface bond condition can

significantly influence top-down fatigue cracking.
•

The modified pull-off test showed its applicability in measurement of interface

bonding condition with both weak and strong condition and its results revealed the
statistically significant difference between pull-off bonding strength between delaminated
and non-delaminated pavement sections.
•

The different compaction practices (with and without employing the IC

technology) were a minor factor influencing the interface bond condition of the US-52
test pavement sections.
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•

Correlation between the pull-off bonding strength and delamination was modeled

and evaluated by the statistical analysis in this study. Based on the model, the
methodologies with threshold-based and severity-based delamination estimation are
introduced and deemed to be effective in assessment of pavement condition.
Further research is needed to be conducted on the areas such as the sampling methods
which would ensure representativeness of specimens. In addition, interface strength
behavior over time and its correlation with temperature should be investigated to more
accurately analyze the pull-off test results.

6.2

Research Contribution

An asphalt pavement has multi-layered structure system, the interfaces between layers are
essential to the pavement performance. An interface between a surface course and an
intermediate course is more emphasized since critical temperature and stress conditions
for asphalt top-down cracking, rutting, and shearing are present near the pavement
surface. In the new American Association of State Highway and Transportation Officials
(AASHTO) Design Guide (i.e., the MEPDG/DARWin-ME), a user can define the
interface condition (i.e., 0 for full-slip or zero-bond; 1 for full-friction or full-bond),
where the effect of bonding condition results in significant differences in performance.
Generally, an asphalt pavement is designed assuming the full bond at asphalt interfaces
since the interfaces are non-existent at the time of design process.
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Accordingly, knowing the pavement interface condition can be more important in making
a decision for pavement rehabilitation or preservation rather than for the pavement
thickness design. For instance, pavement having high possibility of delamination due to
poor interface bond is obviously not a good candidate for pavement preservation
treatments such as seal coat, micro-surfacing, fog seal, etc. In addition to the pavement
preservation application, interface condition evaluation can be utilized for quality control
(QC) and quality assurance (QA) of tack coat applications.

6.3

Further Recommendation

The following recommendations were drawn from this study:
1. The projects and test sections should be monitored for a few years to evaluate
their performance and identify any sections that do not perform well.
2. More work is needed to better define critical conditions for failures such as
pavement temperature, depth of layer interface, and stress magnitudes to help set
more definitive limits for minimum bond strengths between pavement layers.
3. Bond strengths, tack coat types, and application rates for pavement layers on other
types of surfaces such as old HMA pavements and surface treatments should be
investigated. More field projects with the different types of tack coat materials
should also be considered.
4. The change in bond strength over time and traffic should be evaluated to aid in
analysis of pavement failures.
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